The type III secretion system (T3SS) is essential in the pathogenesis of Yersinia pestis, the causative agent of plague. A small protein, LcrG, functions as a chaperone to the tip protein LcrV, and the LcrG-LcrV interaction is important in regulating protein secretion through the T3SS. The atomic structure of the LcrG family is currently unknown. However, because of its predicted helical propensity, many have suggested that the LcrG family forms a coiled-coil structure. Here, we show by NMR and CD spectroscopy that LcrG lacks a tertiary structure and it consists of three partially folded alpha helices spanning residues 7-38, 41-46, and 58-73. NMR titrations of LcrG with LcrV show that the entire length of a truncated LcrG (residues 7-73) is involved in binding to LcrV. However, there is regional variation in how LcrG binds to LcrV. The C-terminal region of a truncated LcrG (residues 52-73) shows tight-binding interaction with LcrV while the N-terminal region (residues 7-51) shows weaker interaction with LcrV. This suggests there are at least two binding events when LcrG binds to LcrV. Biological assays and mutagenesis indicate that the Cterminal region of LcrG (residues 52-73) is important in blocking protein secretion through the T3SS. Our results reveal structural and mechanistic insights into the atomic conformation of LcrG and how it binds to LcrV.
INTRODUCTION
Pathogenesis of Yersinia pestis requires the assembly of the type III secretion system (T3SS) to inject Yops (Yersinia outer proteins) into macrophages and other phagocytes to disable the host immune response against infection [1, 2] . There are three components of the T3SS -(i) structural proteins that assemble into a nanoinjector-like devise consisting of a base, an external needle, and a tip complex; (ii) effector proteins that are injected into the host cells to modulate their response to bacterial infection; and (iii) chaperone proteins that bind structural and effector proteins prior to secretion [3] [4] [5] [6] . In Y. pestis, the tip complex is formed by several copies of LcrV (320 residues) [7] . Prior to secretion, the tip protein LcrV is chaperoned by a smaller protein, LcrG (95 residues) [8, 9] .
LcrG interacts with LcrV [8] [9] [10] [11] [12] [13] [14] with nanomolar binding affinity (k d = 140 nM by SPR) [12] . The N-terminus of LcrG is involved in the binding interaction with LcrV based on results from yeast two hybrid assays [13] . The tight binding interaction of LcrG with LcrV is involved in regulating Yop secretion [15] [16] [17] . LcrG functions as a negative regulator of secretion as increased levels of LcrG block Yop secretion [9, 16] . The crystal structures of LcrV [18, 19] show an overall "dumbbell-shaped" molecule with a central coiled-coil connecting an N-terminal globular domain and a less structured mixed α/β domain. However, the atomic structure of LcrG or any member of the LcrG family of tip chaperones ( Fig. 1 ) is unknown as well as the atomic structure of the LcrG-LcrV. The predicted helical propensity of LcrG ( Fig. 1 ) led others to suggest that LcrG forms a coiled-coil [12, 20] and that binding to LcrV involves an LcrG coiled-coil [12] . Others suggested that binding to LcrV involves the formation of an LcrG alpha-helical hairpin [21] . Recently, Basu et al. [22] reported a 3D coiled-coil structure for the LcrG homolog in Pseudomonas aeruginosa, PcrG, derived by computational modeling. Thus, the current understanding in the literature is that the LcrG family of proteins has a three-dimensional coiled-coil structure [12, 20, 22] .
Here, we show by NMR that unbound LcrG lacks a tertiary structure and that it contains only two partially formed alpha helices. We show that the entire length of LcrG residues 7-73 is involved in binding LcrV. We also identify a short region of LcrG from residues 52-73 that forms a tight interaction with LcrV, while the rest of LcrG residues 7-51 is involved in weaker interactions with LcrV, suggesting there are at least two binding events when LcrG binds LcrV.
RESULTS

Expression and purification of LcrG
Secondary structure prediction using PSIPRED [23] suggested that the LcrG family of tip protein chaperones was predominantly helical in secondary structures (Fig. 1) . Based on the predicted secondary structures of LcrG (Fig. 1) , three constructs were expressed and purified for structural characterization: (i) the full length LcrG (LcrG FL , 95 amino acids), (ii) a truncated form spanning residues 7-73 (LcrG ) that eliminated the predicted random coil regions at the amino and carboxy termini of LcrG, and (iii) a C34S point mutation engineered into LcrG (herein referred to as LcrG*). These three LcrG constructs were expressed in soluble forms in E. coli as GB1 fusion proteins, digested with tobacco etch virus (TEV) protease and purified under native conditions generating millimolar amounts of purified proteins.
CD spectroscopy
Results of CD spectroscopy confirmed the predominantly helical secondary structure of LcrG (Fig. 2) . CD spectra of LcrG FL , LcrG and LcrG* showed that the LcrG constructs were primarily α-helical in secondary structure as indicated by the characteristic minima at 222 and 208 nm. The ratios of ellipticities at 222 and 208 nm (θ 222 /θ 208 ) were 0.8 for LcrG FL and LcrG ; and 0.7 for LcrG*, which suggested non-interacting alpha helices [24, 25] in contrast to θ 222 /θ 208 ratio of 1.0 found in helical bundles and coiled-coils [26, 27] with extensive interhelical contacts. Comparison of all three CD spectra confirmed that LcrG FL and LcrG 7-73 had nearly identical secondary structures, and that the C34S mutation did not significantly alter the secondary structure of LcrG (Fig. 2) . CD thermal denaturation curves of LcrG FL , LcrG and LcrG* showed that all three proteins unfolded in a noncooperative manner without displaying a clear inflection point (Fig. 2) . Overall, the CD data suggests the presence of non-interacting alpha helices in LcrG, or in other words, that LcrG contains secondary structures but lacks a tertiary fold.
NMR spectroscopy
NMR spectroscopy was used to identify the helical regions of LcrG. Full length LcrG (LcrG FL ) showed poor quality 2D 1 H-15 N HSQC spectrum (Fig. 3a) that was characterized by overlapped peaks; poor dispersion and resolution; and less peaks than expected for a 95-residue protein. The poor quality of the 15 N HSQC of LcrG FL made it unsuitable for further NMR characterization. We reasoned that the poor quality of the NMR spectrum of LcrG FL could be due to the presence of a native cysteine at position 34 that might form disulfide linkages and contribute to the aggregation of the protein, which could result in the broadened peaks seen in Fig. 3a . Mutation of C34 into serine somewhat improved the NMR spectrum (Fig. 3b ), however the 2D 1 H-15 N HSQC spectrum of LcrG FL C34S was also nonideal for further NMR characterization because of the significant number of overlapping peaks and conformational heterogeneity (Fig. 3b) , which possibly arose from the cis-trans isomerization of the prolines present in the flexible C-terminal tail of LcrG. Truncation of the predicted disordered tails to form the LcrG 7-73 construct improved the 2D 1 H-15 N HSQC spectrum but did not result in an ideal NMR spectrum either. Only 58% of the residues in the protein were represented in the 2D 1 H-15 N HSQC spectrum of LcrG 7-73 and the peaks were broad and poorly resolved (Fig. 3c) . Mutation of C34 in the LcrG 7-73 construct to alanine (Fig. 3d) or serine (Fig. 4) significantly improved the quality of the NMR data; however, the 2D 1 H-15 N HSQC spectrum of the C34A mutant (Fig. 3d) still exhibited broad and overlapping peaks. In contrast, the C34S mutation yielded an excellent quality 2D 1 H-15 N HSQC spectrum with sharp and well-resolved peaks (Fig. 4) . Thus, LcrG* (or LcrG 7-73 C34S ) was deemed the best construct for further NMR characterization.
NMR backbone assignments
Three-dimensional NMR datasets were acquired using 15 N/ 13 C LcrG* for backbone resonance assignments. Of the 67 backbone amides of LcrG*, 62 were assigned (Fig. 4) . The backbone amides of H25, R26, E32, M45, and K46 could not be assigned due to rapid solvent exchange or exchange dynamics on the us-ms time scale. The overlapping peaks are indicated in Fig. 4 with asterisks. The backbone resonances of I37, I47, and F48 were assigned by 15 N amino acid specific labeling and by introducing an I37A point mutation in LcrG*.
The secondary 13 Cα and 13 Cβ chemical shifts of LcrG* suggested three α-helical regions spanning residues 7-38, 41-46, and 58-73 (designated helix α1-α3 in Fig. 5 ). Regions with consecutive residues of positive 13 Cα secondary chemical shifts were assigned as alpha helical [28] . Helix α1 showed somewhat lower 13 Cα secondary chemical shifts compared to helix α2 and α3. The helices were linked by a short 2-residue linker (residue [39] [40] between helix α1 and helix α2 and a 10-residue linker (residue [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] between helix α2 and α3. Although residue 57 near helix α3 showed a positive 13 Cα secondary chemical shift, we assigned helix α3 to begin with a proline residue, P58, because a proline being a helix breaker is less likely found within a helix but can be found at the beginning of a helix [29] . Likewise, helix α2 begins with another proline, P41. Using the method of Eliezer et al. [30] in estimating the fractional helicity based on 13 Cα secondary chemical shifts and assuming a simple (unfolded ↔ folded) two state model and a 13 Cα secondary chemical shift value of 3.1 for a fully formed helix [31] ), the estimated fraction of formed helix α1, α2, and α3 in LcrG is 36%, 63%, and 50%, respectively (Supplementary Information Fig. S1 ). In other words, the fractional helicity of the three helices of LcrG is not uniform -helix α2 is relatively the most formed helix, while helix α1 is the least formed helix of LcrG.
LcrG backbone dynamics
The steady state heteronuclear { 1 H}-15 N NOE and 15 N backbone relaxation rates (R 1 and R 2 ) were acquired to assess the backbone dynamics of LcrG*. The heteronuclear { 1 H}-15 N NOEs provide a measure of fast backbone dynamics at the picosecond to nanosecond time scale and the values of { 1 H}-15 N NOEs qualitatively describe backbone flexibility. Heteronuclear { 1 H}-15 N NOE values above 0.6 are found in residues that form well-ordered structures and can be comparatively described as having rigid backbone flexibility; values below 0.2 have random coil flexibility; and those between 0.4-0.6 have semi-rigid flexibility. The extreme terminal residues of LcrG* (D7 and R73) showed random coil flexibility with { 1 H}- 15 N NOE values below 0.2 (Fig. 6a) . Most of the residues in the α-helices showed semi-rigid flexibility with { 1 H}- 15 N NOEs values between 0.4-0.6 (Fig. 6a ). There were a few residues in the beginning of α-helix 1 (E8, D10, K11, K14, Ala-19) and one in the extreme end of helix α3 (E72) that displayed higher flexibility as indicated by their { 1 H}- 15 N NOE values of below 0.4 ( Fig. 6a ). There were also residues in all the three α-helices (K28, L29, Ala-43, E66 and R69) with { 1 H}-15 N NOE values above 0.6 suggesting these residues have backbone flexibility approaching those found in well-ordered protein structures. Additionally, residues at the linker regions between the helices displayed { 1 H}-15 N NOE values above 0.4, suggesting these loop regions are not random coil in flexibility but have backbone flexibility similar to the helical regions.
The 15 N backbone relaxation rates (R 1 and R 2 ) indicated that the α-helices behaved with nearly similar backbone dynamics. There were no drastic changes in the R 1 rates throughout the entire length of LcrG* suggesting that the protein, despite not having a well-ordered structure, tumbles as a single unit similar to what is observed for R 1 's of well-ordered protein domains. Regarding the R 2 rates, residues 50-53 within the linker region between helix α2 and helix α3 showed a uniform decrease in R 2 and an increase in R 1 ( Fig. 6b and Fig. 6c ). The penultimate residue of helix α1 (I37) and the linker residue K57 showed increased R 2 without a corresponding increase in R 1 . This suggested chemical exchange on the μs-ms timescale for I37 and K57 ( Fig. 6b and Fig. 6c ). Excluding these two residues, the R 2 relaxation rates remained almost uniform throughout the protein.
NMR titrations of 15 N-labeled LcrG with LcrV
We used NMR chemical shift perturbation to characterize the interaction of LcrG and LcrV. Upon titration with LcrV, the N-terminal 2 /3 of LcrG* from residues 7-51 showed progressive reduction in peak intensities indicating complex formation at an intermediate exchange time scale (Fig. 7a) . The remaining C-terminal 1 /3 of LcrG*, from residues 52-73 (except residue 61), were in slow exchange and appeared as new peaks (marked with asterisks in Fig. 7a ) upon complex formation. The new slow exchange peaks were identified by 3D NMR datasets using a 1:1.2 molar ratio complex of 15 
NMR titrations of ILV-labeled LcrG with LcrV
We used ILV-labeled LcrG* (where the methyl groups of isoleucine, leucine, and valine were 13 C-labeled) in NMR titrations with LcrV. We assigned the 5 isoleucine 13 Cδ1 methyl groups and the valine 13 Cγ methyl groups of LcrG by mutagenesis, however, the leucine methyl groups could not be assigned by mutagenesis because of the significant number of overlapping peaks. Upon titration with LcrV, all the five isoleucines (I20, I37, I47, I56 and I67) and the lone valine (V44) of LcrG* showed reduction in peak intensities (Fig. 8a and  Fig. 8b ). In addition, two new slow-exchange peaks appeared in the isoleucine methyl region (Fig. 8a) . Results of 15 N titration of LcrG* with LcrV ( Fig. 7b) showed that the LcrG* region spanning residues 52-73, which contained two isoleucine residues I56 and I67, was in slow-exchange. Thus, the two slow-exchange peaks in the ILV-titration of LcrG with LcrV were most likely I56 and I67. The results of ILV-titration suggested that the methyl groups, hence, hydrophobic contacts, were involved in the LcrG-LcrV complex formation.
NMR titrations of isoleucine 13 C-methyl labeled LcrV with LcrG* and LcrG FL
To determine the effect of LcrG truncation with respect to binding to LcrV, LcrV labeled with isoleucine 13 Cδ1 methyl group was titrated with unlabeled LcrG* or LcrG FL C34S. Although the isoleucine 13 Cδ1 methyl groups of LcrV have not been assigned, notably the same set of Ile residues of LcrV were perturbed upon binding to both LcrG* and LcrG FL C34S. In both in LcrG* (Fig. 8c) and LcrG FL C34S (Fig. 8d) there were four peaks that appeared in new positions (Fig. 8c and Fig. 8d) , and same peaks underwent significant reduction in intensities. Thus, the truncation of LcrG did not affect the ability of LcrG to bind to LcrV.
Yop secretion assay
A Yop secretion assay was used to evaluate the functional significance of mutations in LcrG. Exogenous LcrG was expressed from a pBad18 vector and assayed for its function in regulating Yop secretion in Y. pestis. For wild type LcrG, Y. pestis secretes YopM only in the absence of Ca 2+ , whereas a null LcrG strain (ΔlcrG) secretes YopM constitutively in the presence and absence of Ca 2+ . The LcrG C34S or C34A mutation successfully complemented a ΔlcrG null strain of Y. pestis, restoring Ca +2 regulated secretion of YopM (Fig. 9a) , indicating that the LcrG C34S or C34A mutation behaved like wild type LcrG.
Based on the observation from the NMR titration experiments that S52 to R73 of LcrG represented the tight-binding region for complex formation with LcrV, the Yop secretion assay was also used to evaluate the functional significance of this region in Y. pestis. The basis for this experiment is that LcrG-LcrV complex formation is necessary for the Ca 2+ -regulated secretion of YopM [9, 13] ; whereas disruption of LcrG-LcrV complex formation results in constitutive YopM secretion in the presence or absence of Ca 2+ [9, 13] . The following LcrG mutations were used in the Yop secretion assay: a deletion of the entire region (Δ52-73), four mini deletion mutants (Δ52-57, Δ58-62, Δ63-67 and Δ68-73), and point mutations in I56, K57, R61, L63, I67 and K68. The point mutations were introduced on the basis of secondary structure predictions, which indicated that the region 52-73 formed an amphipathic helix with residues I56, L63, and I67 forming a hydrophobic surface, and on the other face of the helix, residues K57, R61 and K68 forming a hydrophilic surface. Point mutations were designed to alter the hydrophobicity, polarity or charge (i.e. I56N, K57L or K57E). The larger deletion (Δ52-73) and the mini deletions of 4 to 5 residues did not compromise LcrG expression and resulted in constitutive Yop secretion, with the exception of the most C terminal one (Δ68-73). Point mutations within these small deletions did not affect Yop secretion except L63N. The loss or significant decrease in expression of LcrG L63N could potentially result in this loss of calcium regulation. However, with the exception of L63N all other point mutants showed LcrG expression. The visible band in Fig. 9b with the LcrG antibody used against the ΔLcrG variant is the LcrG(Δ39-53) protein that is expressed from the ΔlcrG on pCD1. These results suggest that deleting 4 to 5 amino acid segments within the region spanning 52-67 is necessary for disrupting the Ca 2+ -regulated secretion of YopM. Additionally it also suggests that the region 52-67 in LcrG is important in blocking the secretion of Yop effectors.
DISCUSSION
There are currently no atomic structures for any member of the LcrG family (Fig. 1) of tip chaperone proteins. Full length LcrG was unsuitable for NMR studies (Fig. 3) , however, a shorter construct, LcrG* (LcrG 7-73 C34S) lacking the predicted flexible tails was suitable for NMR characterization (Fig. 4) . The C34S mutation did not alter the wild type function of LcrG in regulating the Ca +2 dependent secretion of YopM in Y. pestis (Fig. 9) but it prevented the non-specific oligomerization of LcrG via disulfide bonds that made wild type LcrG unsuitable for NMR studies. The secondary structures of full length LcrG were also present in LcrG* based on CD spectroscopy (Fig. 2) . Full length LcrG and LcrG* bound to the same surface of LcrV as suggested by results of NMR titrations using LcrV with 13 Cmethyl labeled isoleucines as probes (Fig. 8) . LcrG* included the minimum region (residues 7-40) that was identified by others to be required for interaction with LcrV [13] . Currently, LcrG* is the most suitable construct for NMR characterization that allows structural insights into the LcrG family of tip chaperones.
The hypothesis in the literature is that LcrG forms a coiled-coil [12, 20] , however, our CD (Fig. 2) and NMR data (Fig. 5 ) in combination show that LcrG lacks a tertiary structure and contains only alpha helical secondary structures (Fig. 5) . The Cα chemical shifts identified the alpha helical regions of LcrG (Fig. 5) . Overall, the α-helices in LcrG were more flexible compared to alpha helices found in proteins with well-defined tertiary structures (Fig. 6) . However, there were residues in all the three α-helices whose backbone dynamics approached those seen in more stable helices of proteins with well-defined tertiary structures. Despite lacking a tertiary structure, the helices of LcrG tumble with the same R 1 and R 2 rates (Fig. 6 ) as opposed to the helices tumbling with different rates or flapping around. This suggests that the interhelical regions of LcrG are not random coil in flexibility. NMR data best describe LcrG as a partially folded alpha helical protein, and its flexibility suggests that crystallization is likely difficult..
The partially folded nature of LcrG is also seen among other T3SS chaperones, where structural disorder specifically contributes to their function [32] . For example, CesAB from the enteropathogenic E. coli, a chaperone for the needle filament protein EspA is also an alpha helical protein with a poorly packed helical bundle, like LcrG. Upon binding to EspA, CesAB acquires a well-folded conformation. Interestingly though, stabilization of the conformation of CesAB by correcting the packing defects of the coiled coil, leads to a nonfunctional T3SS. This example clearly indicates the importance of structural flexibility in achieving function. Additionally other T3SS chaperones like SseA and EscC from different bacterial species also display similar partially folded conformations [32] . Thus, proteins with highly dynamic conformations play important roles in type III secretion. Such intrinsically flexible proteins are also seen among some effectors and structural proteins of the T3SS [33, 34] . Thus, our results add the LcrG tip protein chaperone into the growing list of disordered [33, 35] or partially folded [34, [36] [37] [38] proteins or domains that play important roles in type III secretion. The common theme among these flexible proteins that lack welldefined structures is the disorder-to-order transition when they bind other proteins or their ligands. The conformational dynamics of LcrG perhaps contribute to its functional versatility, which is a characteristic signature of many flexible proteins [39, 40] . Indeed LcrG binds to and functions as a chaperone for LcrV as well as a key regulator of type III secretion. The conformationally interchangeable nature of intrinsically flexible structures like LcrG likely ensures easier adaption of distinct transient states which possibly contributes in carrying out multiple roles within the cellular environment.
How LcrG binds to LcrV is poorly understood as there is currently no atomic structure for the LcrG-LcrV complex. Our NMR titrations (Fig. 7) indicate that the entire length of LcrG* residues 7-73 is involved in the interaction with LcrV. Our NMR results preclude a scenario where LcrG forms a coiled-coil upon binding to LcrV as suggested previously [12] . Formation of an LcrG coiled-coil would have resulted in a more dispersed 2D 1 H-15 N HSQC of LcrG compared to what we had observed (Fig. 7) . Further, the secondary 13 Cα secondary chemical shifts of the slow-exchange peaks (residues 52-63) of the complex form of LcrG (Supplementary Information Fig. S3 ) did not show an increased helicity (Supplementary Information Fig. S1 ) compared to the free form. Our titration data agrees with the literature that the N-terminus of LcrG is the binding site for LcrV [9, 13] . However, our NMR titrations also indicated that the C-terminus of LcrG is involved in binding LcrV (Fig. 7) . There can be two primary explanations for this observation. First, it is possible that the sheer difference in size between the two binding partners (37 kDa for LcrV and 8 kDa for LcrG) entails that almost the entire length of the smaller protein (LcrG) is needed to form a stable binding interface. Since LcrG is partially folded and intrinsically flexible, it is highly likely that LcrG entwines around LcrV. This is not uncommon since many flexible proteins present a larger surface area for interaction as compared to globular proteins [39] .
The deletion mutants (Δ52-57, Δ58-62, Δ63-67 and Δ52-73) and the one point mutant, L63N showed a defect in the secretion blocking activity of LcrG (Fig. 9) . The rest of the point mutants (I56N, K57E, K57L, R61E, R61L, I67N, K68E and K68L) and one deletion mutant, Δ68-73, behaved as wild type LcrG. Thus, NMR results plus the results of the Yop secretion assay suggest that the region S52 to I67 in LcrG plays an important role in blocking the secretion of Yop effectors. Results of Matson and coworkers [13] suggested that the residue F48 in LcrG, is involved in blocking the secretion of Yops. Our results are further corroborated by studies on the homolog, PcrG, which implicated that the C-terminus of PcrG is important in blocking the secretion of effector proteins [41] . Additionally, it is also possible that the LcrV binding and secretion blocking regions of LcrG overlap, and hence none of the mutants could block secretion of YopM.
In summary, NMR and CD data show that LcrG is a partially folded α-helical protein that lacks a tertiary structure, and that the entire length of LcrG residues 7-73 is involved in the interaction with LcrV.
MATERIALS AND METHODS
Protein expression and purification
The coding regions of Y. pestis LcrG FL (full length version spanning residues 1-95) and LcrG (the truncated form spanning residues 7-73) were PCR amplified from pCD1 [42] and subcloned into the pET-21a expression vector using NdeI and BamHI as the restriction sites. The vector was modified to encode an N-terminal His 6 -tagged GB1 domain followed by a tobacco etch virus (TEV) protease site. GB1 (56 residues) is the B1 immunoglobulin binding domain from Streptococcus protein G that functions as a solubility enhancement tag [43, 44] . For protein expression, plasmids were transformed in E. coli BL21 (DE3) DNAY cells and colonies were picked to inoculate a starter culture of 50 mL LB with kanamycin and carbenicillin as antibiotics and grown overnight at 37 °C. Unlabeled proteins were obtained by using the 50ml LB starter culture to inoculate 1 L LB. Isotopically 15 N and 15 N/ 13 C labeled proteins were obtained by pelleting the 50 mL LB starter culture, and using it to inoculate a 1 L M9 minimal media with 1 g/L of 15 N-ammonium chloride (Isotec) and/or 2 g/L of 13 C-glucose (Isotec). Cells were grown at 37 °C until the A 600 was ~ 0.6 to 0.8, induced with 1 mM isopropyl-β-D-thiogalactopyranoside and cell growth was continued at 15 °C overnight in a shaker-incubator to a final A 600 ~2.0. Cells were harvested by centrifugation and resuspended in 30 mL binding buffer (500 mM NaCl, 20 mM Tris-HCl, 5 mM imidazole, pH 8.0). For protein purification, cells were sonicated in the presence of ~300 μl of 1 mM phenylmethylsulfonyl fluoride. Cellular debris was removed by centrifugation of the cell lysate and 600 μl of 5% polyethyleneimine was added to the supernatant to precipitate the nucleic acids. Following centrifugation, the supernatant was loaded onto a Ni 2+ -affinity column (Sigma), that was previously treated with 35 mL water, 35 ml 50mM NiSO 4 and 35 ml binding buffer. The Ni 2+ -column was washed with 100 ml of binding buffer and the fusion proteins were eluted using ~60 mL of elution buffer (250 mM imidazole, 500 mM NaCl, 20 mM Tris, pH 8.0). The purified fusion protein fractions were combined and dialyzed overnight at room temperature in 1 L of TEV buffer (50mM Tris, 0.5 mM EDTA, 1mM DTT, 20 mM NaCl, pH 8.0) in the presence of 250 uL of 0.06 mM recombinant TEV protease [45] . The digested protein mixture was dialyzed again in I L binding buffer. The digest was loaded onto a Ni 2+ -affinity column, which retained the GB1 tag and eluted the purified proteins. After TEV protease digestion, all LcrV and LcrG protein constructs used herein retained a three-residue cloning artifact "GHM" at their Ntermini. Purified proteins were dialyzed in NMR buffer (10 mM NaPO 4 , 10 mM NaCl, pH 7.0) and concentrated using Amicon Ultra 3K (Millipore). Protein concentrations were estimated by absorbance at A 280 .
Site-directed mutations were generated using the Stratagene QuickChange kit. LcrV spanning residues 28-322 in a C273S background mutation was expressed and purified as described previously [18] . 15 N amino acid specific labeling of isoleucine and phenylalanine was done following a published protocol [46] .
ILV labeling
Specific 13 C-labeling of the methyl groups of isoleucine (I), leucine (L) and valine (V) in LcrG and LcrV was done using 13 C-labeled α-keto acids as precursors following published protocols [47] . The Cδ1 methyl group of isoleucine was 13 C-labeled by using 2-keto-3-(methyl-13 C)-butyric acid-4-13 C (Isotec # 571334); whereas the two leucine Cδ and the two valine Cγ methyl groups were 13 C-labeled by using 2-keto-3-(methyl-13 C)-butyric acid-4-13 C (Isotec # 571334). The α-keto acids were added to the minimal media when cell growth reached an A 600 of 0.4 ~ 0.5. After 45-60 minutes the cultures were induced with 1.0 mM IPTG and cell growth was continued in a 15 °C shaker incubator overnight. Cells were harvested the following morning and proteins were purified as described above. LcrG* was ILV-labeled whereas LcrV was only labeled with the isoleucine 13 Cδ1 methyl group. The isoleucine 13 Cδ1 and the two valine 13 Cγ methyl groups of LcrG* were assigned by mutagenesis using alanine point mutations (in I20, I37, I47, I56, I67, and V44) and 2D 1 H-13 C HSQC spectrum of ILV-labeled LcrG was acquired for each mutant.
CD spectroscopy
Samples for circular dichroism spectroscopy contained 1-2 μM protein samples in buffer (10 mM NaPO 4 , 10 mM NaCl, pH 7.0). CD spectra were acquired in triplicate using a JASCO J-815 Spectropolarimeter. Wavelength scans were collected at 20 °C at a scan rate of 50 nm/min. Thermal denaturation curves were monitored at 222 nm at a temperature ramp rate of 2 °C/min.
NMR Spectroscopy
NMR data were acquired at 25 °C using a Bruker Avance 800 MHz spectrometer equipped with a cryogenic triple resonance probe, processed with NMRPipe [48] , and analyzed by NMRView [49] . Two-dimensional 1 H-15 N HSQC spectra [50] were acquired using 0.5-0.8 mM of protein samples. For backbone assignments of LcrG, 15 N/ 13 C LcrG* (0.9 mM) was used to acquire 2D 1 H-15 N HSQC, 3D HNCA, 3D HNCACB, and 3D CBCA(CO)NHA [50] [51] [52] datasets. Secondary structures were identified from the Cα, and Cβ chemical shifts [28] . To assign the backbone resonances of LcrG in the complex, 15 N/ 13 C LcrG* (0.6 mM) was complexed with unlabeled LcrV at a molar ratio of 1:1.2 and 2D 1 H-15 N HSQC [50] , 3D HNCA and 3D HNCACB [52] were acquired.
NMR backbone dynamics
Backbone 15 N relaxation parameters (R 1 , R 2 , and steady-state heteronuclear { 1 H}-15 N NOE) were acquired using a 0.7 mM 15 N LcrG* sample in NMR buffer. The steady-state heteronuclear { 1 H}-15 N NOE was acquired as described in [53] with 2048 ( 1 H) * 128 ( 15 N) complex points, 60 scans per point and a 5 sec recycle delay. The heteronuclear { 1 H}-15 N NOE was calculated as the ratio of intensities of each peak in the two 2D datasets [53] . Error bars were estimated using the standard deviation of the background signal of each spectrum. The 15 N backbone relaxation rates R 1 and R 2 were acquired as described [54] . The time delays used to determine R 1 were 10, 60, 120, 240, 400, 900 and 1100 ms, and the time delays used to determine R 2 were 20, 40, 50, 60, 70, 90, 100, 120 and 150 ms. Peak intensities were obtained using NMRView [49] and fitted using GNUPLOT [55] . Deviations from fitting were reported as error bars. Due to peak overlap, residues 9, 47, 64, 33, 36, 27, 28, 15, 42 and 70 were not used in the analysis. Residues 15, 54 and 61 could not be resolved, and hence were not used in the analysis.
NMR chemical shift mapping
Protein samples were dialyzed in the same NMR buffer and 2D 1 H-15 N HSQC spectra were acquired for 15 N-labeled samples and 2D 1 H-13 C HSQC spectra were acquired for 13 Cmethyl-labeled samples. 15 
Yop secretion assay
LcrG expression vectors were electroporated into the lcrG deletion mutant Y. pestis KIM5-3001.5. This strain contains an in-frame non-polar deletion of plasmid pCD1 sequences encoding LcrG residues 39 to 53 or LcrG(Δ39-53). This mutant secretes the Yop effector proteins constitutively in the presence and absence of calcium (calcium blind phenotype) and can be complemented back to the wild type calcium-regulated secretion phenotype by providing lcrG in trans. The LcrG proteins were expressed from a pBAD18 vector, induced with 0.2% L-(+)-arabinose upon shifting the temperature from 27 °C to 37 °C and normalized using the optical density (OD 620 ) of the cultures at harvest. Fractions were collected after 5 hours incubation at 37 °C. Levels of YopM in both whole cells and culture supernatant were analyzed by immunoblotting with anti YopM polyclonal antibodies. The levels of LcrG were also monitored in whole cells by immunoblotting with anti LcrG antibodies. LcrG C34S, LcrG C34A, and several mutants of the LcrG 52-73 region (deletion mutants Δ52-57, Δ58-62, Δ63-67, Δ68-73, Δ52-73; and point mutants I56N, K57E, K57L, R61E, R61L, L63N, I67N, K68E, and K68L) were tested by the Yop secretion assay.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Sequence alignment of LcrG family of T3SS tip chaperones. The predicted helical regions by PSIPRED [23] are shown as well as the helical regions identified by NMR. Solid blue lines indicate the regions of tight-binding interaction with LcrV identified by yeast two hybrid [13] and by NMR. The proteins used in the alignment by CLUSTALW [56] are LcrG (Yersinia pestis), LcrG (Yersinia enterocolitica), PcrG (from two strains of Pseudomonas aeruginosa), LssG (Photorhabdus asymbiotica) and AcrG (Aeromonas hydrophila). 
